High-Safety Fast Reactor Core Concepts to Improve Transmutation Efficiency of Long-lived Radioactive Waste  by Fujimura, Koji et al.
 Energy Procedia  71 ( 2015 )  97 – 105 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Tokyo Institute of Technology
doi: 10.1016/j.egypro.2014.11.859 
The Fourth International Symposium on Innovative Nuclear Energy Systems, INES-4 
High-Safety Fast Reactor Core Concepts to Improve Transmutation 
Efficiency of Long-Lived Radioactive Waste 
Koji Fujimuraa, Katsuyuki Kawashimaa, Akira Sasahiraa, Satoshi Itookab, Hiroshi 
Kiyotakeb and Masayuki Takakuwab* 
a Hitachi Research Laboratory, Hitachi, Ltd., 7-1-1, Omika-cho, Hitachi-shi, Ibaraki, 319-1221 Japan 
b Hitachi-GE Nuclear Energy, Ltd., 3-1-1, Saiwai-cho, Hitachi-shi, Ibaraki, 317-0073 Japan  
Abstract 
High-safety FR core concepts to improve transmutation efficiency of MAs were proposed. A heterogeneous MA loaded core was 
designed based on the 1000MWt-ABR breakeven core, which assumes the same amount of MAs with the 5%-MA homogeneous 
loaded core. The heterogeneous MA loaded core with 25%-ZrH1.6 loaded moderator targets had a better transmutation 
performance than the 5%-MA homogeneous loaded core. As one of the possible design options for the MA target, the annular 
pellet rod design was proposed. It was shown that using the annular pellet MA rods mitigates the self-shielding effect in the 
moderated target so as to enhance the transmutation rate. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Tokyo Institute of Technology. 
Keywords: fast reactor, minor actinide, moderator, sodium-void reactivity, sodium plenum, annular pellet 
1. Introduction 
Many studies have been conducted to reduce the environmental burden of radioactive waste by transmuting MAs 
and reviews are available (for example, see [1]). Ohki et al., [2] have presented the design of a MA homodeneous 
loaded JSFR (Japanese sodium cooled fast reactor) and a Am target fuel heterogeneous loaded transmutation core. 
The authors proposed the sodium-cooled FR core concept in which MAs were transmuted using heterogeneous 
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moderated target assemblies and it was clarified that replacement of some MA-loaded rods by ZrH1.6 rods could 
enhance the MA transmutation rate [3].  
In the present paper, the focus was on enhancement of the core safety while maintaining the transmutation 
performance. The sodium plenum [4] was applied to the MA transmutation FR using heterogeneous moderated 
target assemblies. It was clarified that the sodium plenum had a potential to reduce the sodium void reactivity further 
without spoiling the core performance during normal operation. Another countermeasure was also pursued to 
improve the transmutation rate of MA-loaded moderated target assemblies. Since the neutron absorption cross 
sections of the MAs being moderated are much higher than that of U-238 (e.g., about an order of magnitude greater 
for Am-241), the MA target rod has a large self-shielding effect. As one of the possible design options to mitigate 
the self-shielding effect, the target rod bundle configuration using an annular pellet is considered so as to enhance 
the transmutation rate. 
2. MA transmutation core concepts and their nuclear performance 
2.1. Specification of the reference core 
In this study, the 1000MWt-class sodium-cooled MOX fueled reference core was firstly made based on the 
specification of the Advanced Burner Reactor (ABR) breakeven core proposed by ANL [5]. The ABR breakeven 
core was designed to have a conversion ratio of 1.0, that is, the core neither breed nor burn the fissile material. Key 
core parameters of the reference core are shown in Table 1.  
And then the homogeneous MA loaded core was designed in such a way that the core fuel includes several 
percent of MA. The MA loaded fraction was set to be 5 wt% according to the design of the homogeneous MA 
loaded JSFR [2] which is a proposed 1500MWe-sodium cooled commercial Fast Breeder Reactor (FBR). The MA 
loaded fraction, 5wt% was selected in which the sodium void reactivity of the core is within 6$ and it meets the 
design criteria of the JSFR. 
 
Table 1  Core and fuel specifications 
Item Unit Specifications 
Output MWt 1000 
Coolant none sodium 
Fuel none MOX 
Fuel rod outer diameter cm 0.87 
No. of core fuel assemblies none 151 
Height of core fuel cm 137 
Ave. discharge fuel burn-up GWd/t 100 
 
2.2. Calculation methods and design conditions 
-Fuel residence period and Pu enrichment 
 These items were set so that the discharge fuel burn-up was about 100GWd/t which is the same as that of the 
ABR breakeven core [5]. 
-Fuel composition 
Pu and MA isotopic compositions were set as follows based on cycling the LWR spent fuel with a discharge 
fuel burn-up of 50GWd/t and cooling time of five years.  
1)Pu:   Pu-238/Pu-239/Pu-240/Pu-241/Pu-242 = 2.6/53.3/25.1/11.8/ 7.3 wt% 
2)MA:  Np-237/Am-241/Am-243/Cm-244       = 47.2/33.2/14.6/ 5.1 wt%.  
-Calculation methods 
The nuclear data library is the 70-group-JFS-JENDL3.3 [6], and the effective microscopic cross section is 
calculated by the SLAROM code[7].Nuclear characteristics and performance of the equilibrium cycle core were 
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evaluated by the multi-group diffusion calculation code CITATION[8]. In MA transmutation characteristics 
calculations, all the MA nuclides being generated by neutron captures and destroyed by fissions are counted. 
2.3. Nuclear characteristics of the reference core and homogeneous MA loaded core 
The reference core based on the ABR breakeven core and the homogeneous MA loaded core were evaluated. The 
core layout and fuel assembly configuration are shown in Fig. 1. The main nuclear core characteristics evaluated in 
2.2 are summarized in Table 2. MA transmutation amount normalized with thermal output and fuel residence time 
of the homogeneous MA loaded core was 62 kg/GWt/yr. The Pu enrichment of the homogeneous MA loaded core 
was smaller than that of the reference core. It is because of the nuclear characteristics of MAs as a fertile fuel and 
burnable absorber.  
On the other hand, sodium void reactivity was increased by about 9% and the absolute value of Doppler 
coefficient was decreased by about 19% for which the safety would be decreasing. These phenomena are caused by 
the spectrum hardening due to loading MAs into the core fuel. 
 
Table 2 Nuclear characteristics of the Reference and homogeneous MA loaded cores 
Item Unit Reference core Homogeneous MA loaded core 
Average Pu enrichment wt% 16.2 15.9 
Discharge fuel burn-up GWd/t 99 99 
Burn-up reactivity %dk/kk’ 1.4 0.5 
Sodium void reactivity %dk/kk’ 1.1 1.2 (1.09)a 
Doppler coefficient Tdk/dT×100 -0.72 -0.58 (0.81)a 
MA transmutation amount kg/GWt/yr 䠘0 62 
a Relative values to that of the reference core 
 
 
Fig. 1  Core layout of the reference and homogeneous MA loaded core. 
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2.4. Nuclear characteristics of the heterogeneous MA loaded core 
The heterogeneous MA loaded core was set by loading the same amount of MAs in 36 target assemblies, 
equivalent to the loading in the homogeneous 5wt%-MA loaded core.  MA enrichment for the MA containing fuel 
rods was set to 21wt% by considering that the MA content in the previous heterogeneous MA cores was set about 
20-30wt%. The core layout and target assembly configuration of the heterogeneous MA loaded core are shown in 
Fig. 2. A vertical view of the two-dimensional RZ model is shown in Fig. 3. The MA transmutation target 
assemblies are composed of MA fuel rods and moderator rods (ZrH1.6 or MgO). It is expected that MgO has better 
stability at high temperatures compared with ZrH1.6. MgO has been used as a stabilization matrix by JAEA and was 
clarified that MgO was suitable for reprocessing [9]. Fig.4 shows the evaluated results of the transmutation 
characteristics for the two moderated targets. Fig.4 (a) is for ZrH1.6 and (b) is for MgO. The dotted line shows the 
transmutation rate per year (%/yr), the solid line shows the transmutation amount (kg/GWt/yr), and the horizontal 
axis the ratio of moderator rods to all rods. As shown in Fig. 4 (a), the amount of transmuted MAs increases due to 
the increasing number of moderator rods in spite of the decreasing amount of MAs and it becomes the maximum 
when the ratio of the moderator rods is about 25%. On the other hand, the amount of transmuted MAs for the MgO 
case decreases monotonically due to the increasing number of moderator rods as shown in Fig. 4 (b). That is because 
the moderating power of MgO is weaker than that of ZrH1.6. As a result, ZrH1.6 was chosen as the moderator and the 
ratio of the moderator rods in the target assembly was set to about 25% in the heterogeneous MA loaded core. Table 
3 summarizes the key specifications and nuclear characteristics of the reference core, the homogeneous MA loaded 
core and heterogeneous MA loaded core. As indicated in Table 3, the heterogeneous MA loaded core with ZrH1.6 
moderator should offer the enhanced transmutation characteristics with improved safety. 
 
Table 3 Key specifications and nuclear characteristics 
Item Unit Reference core Homogeneous MA loaded core 
Heterogeneous MA 
loaded core with 
moderated target 
Number of 
subassemblies 
Core none 151 151 115 Target none none 36 
Average Pu enrichment w/o 16.2 15.9 25.8 
Discharge fuel burn-
up 
Core GWd/t 99 99 99 Target none none 86 
Burn-up reactivity %dk/kk’ 1.4 0.5 0.9 
Sodium void reactivity %dk/kk’ 1.13 1.23 0.80 
Doppler coefficient Tdk/dT×100 -0.72 -0.58 -1.1 
MA transmutation amount a kg/GWt/yr 䠘0 62 67 
a Considering MAs generated in core fuel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  Core layout and target assembly configuration of the heterogeneous MA loaded core. 
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Fig. 3  Vertical view of the two-dimensional RZ system for the heterogeneous MA loaded core. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4  MA transmutation characteristics for (a)Zr-H1.6 moderator target, (b)MgO moderator target 
 
2.5. Reduction of sodium void reactivity with the sodium plenum 
Further reduction of the sodium void reactivity of the heterogeneous MA loaded cores was evaluated by 
installing sodium plenum in the upper region of the core. The structure of the sodium plenum is shown in Fig. 5. The 
moderator rod ratio of target assemblies was fixed to 25 % which was optimized for the Zr-H1.6 target. The ratio for 
the MgO target was also fixed to the same 25 % for comparison.  
Key specifications and nuclear characteristics of cores with the sodium plenum are summarized in Table 4. The 
key nuclear characteristics such as Pu enrichment, discharge fuel burn-up, MA transmutation amount and the 
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Doppler coefficient do not have so much difference between the cores without and with the sodium plenum. On the 
other hand, the sodium void reactivity of the cores with sodium plenum (including the sodium plenum void 
reactivity) were decreased by about 30% for both moderators. The void reactivity of the core with the sodium 
plenum and loaded with the optimized Zr-H1.6 target was less than half that of the ABR reference core. 
 
Table 4 Key specifications and nuclear characteristics of cores with the sodium plenum 
Item Unit Zr-H1.6 MgO 
Sodium plenum height cm none 40 none 40 
Average Pu enrichment w/o 25.8 25.8 22.5 22.5 
Discharge fuel burn-
up 
Core GWd/t 99 99 99 99 Target 86.4 86.2 90.7 90.7 
Sodium void reactivity %dk/kk’ 0.8 0.5 1.2 0.8 
Doppler coefficient Tdk/dT×100 -1.1 -1.1 -0.62 -0.65 
MA transmutation amount a kg/GWt/yr 67 67 46 46 
a Considering MAs generated in core fuel 
 
 
 
 
 
 
 
 
Fig. 5  Schematic of the sodium plenum structure 
 
3. Enhancement of MA transmutation rate using an annular pellet pin in moderated target assembly 
Since the neutron absorption cross sections of the MAs being moderated are much higher than that of U-238, the 
MA target rod has a large self-shielding effect. Therefore, while the higher moderated neutron flux increases the 
MA transmutation in the outer layer of the target pellet, the MA transmutation rate is low in the center of the pellet 
due to the significantly reduced moderated neutron flux. This will suppress the increase of the MA transmutation 
rate of the whole target. Moreover, a self-shielding effect in the MA target rod bundle gives a lower moderated 
neutron flux in the central part of the target rod bundle, leading to a possible reduction of the MA transmutation rate 
in this region. To further enhance the MA transmutation rate of the moderated MA target assembly, a 
countermeasure is necessary to mitigate the self-shielding effect in the target design. To this end, the annular pellet 
rod design is considered as one of the possible design options for the MA target. The target pin bundle 
configurations and the MA transmutation properties of the target assembly using the annular pellet were examined. 
3.1. MA target assembly structure and the calculation methods 
The configurations of the MA target assembly are shown in Fig. 6, and the calculation cases are listed in Table 5. 
A target assembly consisted of a 91-pin bundle and the surrounding hexagonal duct. Only one third of the pin bundle 
is shown in Fig. 6. Case1 was a reference non-moderated case in which a target assembly has only MA bearing UO2 
solid pellets. Case 2 and 3 were moderated cases: Case 2 for the solid pellet and Case 3 for the annular pellet used in 
the whole pin bundle, 50% void in the central rods and 30% void in the peripheral rods.  
ZrH1.6 was used as the moderator material and the moderator rod fraction was increased to about 50% which 
allows the target to achieve the higher transmutation rate without greatly spoiling the tansmutation amount as shown 
in Fig.4. Am was considered as the initial MA load of the target. It was assumed that the target rod consisted of UO2 
pellet bearing 10% of Am, and the Am isotopic compositions are 80wt% Am-241 and 20wt% Am-243.  
The continuous-energy Monte Carlo burn-up code MVP-BURN [10] was used to analyze the neutron behavior in 
the moderated MA target assembly. The JENDL-3.3 was used for the nuclear data library. The MVP-BURN 
calculation model is shown in Fig. 7, assuming the target assembly was surrounded by the six core fuel assemblies. 
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Key specifications of the target and core fuel assemblies are shown in Table 6. The calculation conditions of the 
MVP-BURN were as follows: average linear power of 200W/cm, burn-up time of 600 days, boundary conditions of 
a vacuum for the axial diection and reflective for the radial direction, the number of neutrons per batch of 2000, and 
the number of batches for the tally of 200. 
 
Table 5 MA target assembly calculation cases 
 
Moderator 
material 
Moderator rod 
fraction Target rod pellet 
a type 
Case 1 none 0% solid 
Case 2 ZrH1.6 53䠂 solid 
Case 3 ZrH1.6 53䠂 annular for central rod bundle 
aTarget rod pellet composition: 10%AmO2-UO2 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6  MA target assembly configurations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fg.7  MVP-BURN calculation model 
 
3.2. MA transmutation characteristics of the moderated target using annular pellets 
The transmutation rates of Am-241 and Am-243 of the row-0 pin and the row-4 pin after 600 day burn-up are 
respectively listed in Table 7. The Am transmutation rate is defined by the following formula.  
 
Am transmutation rate = 1-(Am amount after burn-up / Initial Am amount)    (1) 
 
MA rod
MA rod
moderator rod
annular MA rod (30% void)
annular MA rod (50% void)
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Row-0 rod
Row-4 rod
target assembly 
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104   Koji Fujimura et al. /  Energy Procedia  71 ( 2015 )  97 – 105 
Table 6 Key specifications of the target and core fuel assemblies 
㻌 Item Unit Core fuel Target 
Assembly pitch cm 8.3 ĸ 
No. of rods per assembly none 91 ĸ 
Rod outer diameter cm 0.66 ĸ 
Active fuel length cm 93 ĸ 
Axial reflector length cm 40 each ĸ 
Pu enrichment wt% 19.4 - 
Pu-fissile enrichment wt% 15.5 - 
Fuel composition wt% MOX UO2 :90 MAO2: 10 
MA composition wt% none Am-241:80 Am-243:20 
 
In a non-moderated MA target ˄Case1˅, the transmutation characteristics did not depend on the target rod 
location within the rod bundle. The transmutation rate after the 600-day burn-up is about 39% for Am-241 and 32% 
for Am-243. In the moderated target cases, the transmutation characteristics depended on the target rod location 
within the rod bundle. Namely, the Am-241 transmutation rate after 600-day burn-up was 70% for row-0 and 80% 
for row-4 (average value). The Am-243 transmutation rate was 57% for row-0 and 63% for row-4 (average value). 
A significant increase in transmutation rate was achived due to the softer spectrum in the moderated target. On the 
other hand, the transmutation rate was less for the bundle center region. This was due to the target bundle structure 
in which the moderator rods were located at the peripheral region of the bundle resulting in the lower moderated 
neutron flux in the bundle center region. In addition, the transmutation rate of Am-243 was lower than that of Am-
241 because Am-243 has a smaller effective cross section than Am-241, and more Am-243 is generated from the 
Am-241 neutron capture under the moderated spectrum. Am-243 generation is almost proportional to Am-241 
transmutation. In case 3, the annular pellet was used in the whole rod bundle. The Am-241 transmutation rate after 
the 600-day burn-up was increased to 81% for the row-0 annular rod and 86% for the row-4 annular rod. Similarly, 
the Am-243 transmutation rate was 65% for row-0 and 66% for row-4. 
Based on the results of the moderated target cases, the Am transmutation rate difference in the bundle center and 
bundle periphery is less in Case3 than in Case2, and the higher transmutation rate was obtained in Case3. This 
showed that using the annular pellet rods would mitigate the self-shielding effect in the moderated target so as to 
enhance the transmutation rate.  
Figure 8 shows the Am transmutation rate and amount after the 600-day burn-up  over the whole target assembly. 
Case 3 gave the highest transmutation rate of 80% while the transmutation amount was 30% less than Case 1 and 2. 
 
Table 7 Am transmutation rate for the row-0 rod and row-4 rods after the 600- day burn-up 
 Am transmutation rate (%)1) 
 row-0 rod row-4 rods 
 Am-241 Am-243 Am-241 Am-243 
Case 1 39.2 32.1 39.2 32.2 
Case 2 69.9 57.2 80 62.5 
Case 3 81 64.7 85.8 66.4 
1) 1- (Am amount after burn-up / initial Am amount) 
 
4. Conclusions 
High-safety FR core concepts to improve transmutation efficiency of MAs were proposed. The heterogeneous 
MA loaded core was designed based on the 1000MWt-ABR breakeven core, in which the same amount of MAs was 
used as with the homogeneous 5%-MA loaded core. The heterogeneous MA loaded core with 25%-ZrH1.6 moderator 
targets had a better transmutation performance than the homogeneous 5%-MA loaded core and the former had 
improved safety. Further sodium void reactivity reduction could be obtained by using the sodium plenum above the 
core fuel region without spoiling the normal operation core performance.  
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As one of the possible design options for the MA target, the annular pellet rod design was considered. It was 
shown that using the annular pellet MA rods mitigate the self-shielding effect in the moderated target so as to 
enhance the transmutation rate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8  Am transmutation characteristics after the 600-day burn-up over the whole target assembly 
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